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Nanoporous  Cu  film  (NPCF)  is  fabricated  on  Cu  plate  by  a  novel  electrochemical  dealloying  process  in 
dilute  HC1  solution.  The  as-synthesized  low-cost  NPCF/Cu  is  used  as  anode  in  electro-oxidation  of 
hydrazine  for  the  first  time  and  exhibits  superior  catalytic  activity.  The  current  density  from  hydrazine 
oxidation  on  NPCF  is  much  higher  than  that  on  smooth  copper.  In  addition,  the  NPCF  electrode  shows 
unexpected  higher  stability  than  Cu  nanoparticles  in  similar  size.  It  is  believed  that  this  low-cost  NPCF 
electrode  possesses  potential  application  in  the  hydrazine  fuel  cell  or  other  catalytic  fields. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrazine  has  been  considered  as  a  candidate  of  fuels  for  fuel 
cells  due  to  its  high  energy  density.  Compared  with  other 
conventional  fuel  cells,  the  direct  hydrazine— air  fuel  cell  (DHFC) 
has  the  following  advantages  [1]:  (1)  higher  theoretical  electro¬ 
motive  force  of  hydrazine  cell  (1.61  V)  than  conventional 
methanol— air  fuel  cells  (1.21  V),  (2)  higher  energy  density  of 
hydrazine  fuel  cell  (5400  Wh  IT1)  than  that  of  methanol  fuel  cell 
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(4820  Wh  L  1),  (3)  near  ambient  working  temperature.  The  total 
reaction  of  hydrazine  fuel  cell  can  be  written  as  [2]: 

N2H4  +  02  -►  N2  +  2H20  (1) 

In  alkaline  solution,  the  electro-oxidation  of  N2H4  could  be 
realized  by  the  following  reaction: 

N2H4  +  40H“  —  N2  +  4H20  +  4e“  E°  =  0.84  V  (2) 

However,  there  are  still  some  problems  to  be  solved  before  its 
marketization.  One  of  the  key  challenges  is  the  development  of 
low-cost  catalysts  for  the  hydrazine  oxidation  with  superior  cata¬ 
lytic  activity  as  well  as  stability.  By  now,  electro-oxidation  of 
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hydrazine  had  been  investigated  on  various  metals  such  as  gold  [3] 
and  palladium  [4].  Although  noble  metals  exhibited  satisfied 
catalytic  performance  and  stability,  their  expensive  cost  still 
hindered  the  application  of  DHFC.  Therefore,  development  of 
noble-metal  free  catalysts  is  highly  desirable  and  important. 

In  the  field  of  catalysis,  metal  nanoparticles  normally  exhibited 
superior  performance  than  bulk  materials  due  to  their  large  surface- 
to-volume  ratio  and  small-size  effect,  indicating  a  potential  solution 
for  the  development  of  optimum  catalysts  for  DHFC.  Although  copper 
nanoparticles  were  successfully  used  as  catalysts  in  some  organic 
reactions  [5],  its  application  in  DHFC  was  seldom  reported.  Consid¬ 
ering  the  practical  use,  Cu  nanoparticles  should  be  loaded  on 
conductive  substrates  through  adsorption  method.  There  was 
a  potential  risk  for  these  nanomaterials  falling  off  during  the  long¬ 
term  working,  which  would  lead  to  the  decrease  of  activation  area. 
To  avoid  this  problem,  nanoporous  copper  as  a  whole  integration 
could  be  a  feasible  solution.  Among  the  ways  to  prepare  nanoporous 
copper,  dealloying  process  provided  effective  routes,  which  was 
involved  with  the  selective  dissolution  of  less  noble  elements  from 
alloys  (e.g.  Cu-Mn,  Cu-Al)  [6,7].  Although  dealloying  of  Zn  from  CuZn 
alloy  is  a  well  known  phenomena  in  the  field  of  corrosion  [8],  it  was 
seldom  reported  that  bulk  Cu-Zn  alloy  was  used  to  fabricate  porous 
copper.  The  reason  could  be  that  the  potential  difference  between 
Cu/Cu2+  and  Zn/Zn2+  was  not  high  enough  to  protect  active  nano- 
scaled  Cu  from  corrosion  during  the  etching  of  Zn.  With  dealloying 
process  carried  on  from  surface  into  deep  area,  the  initially  formed  Cu 
tended  to  be  corroded  due  to  long  exposure  to  etching  solution. 

The  choice  of  solutions  and  dealloying  parameters  were  also 
important  in  the  fabrication  processes.  In  our  previous  work,  a  thin 
film  of  nanoporous  Cu  was  formed  directly  on  the  Cu  plate  by  chemical 
dealloying  of  surface  Cu-Zn  alloy  in  alkaline  solution  [9].  However,  it 
was  found  that  over-corrosion  of  Cu  always  existed  in  the  nanoporous 
film  and  part  of  NPCF  tended  to  peel  off  from  the  plate.  In  this  work,  we 
chose  electrochemical  dealloying  method  to  fabricate  NPCF  on  Cu 
substrate  and  dealloying  process  could  be  finished  in  short  time 
(<1  h).  With  precise  control  of  potential  applied  on  the  sample,  the 
corrosion  speed  could  be  well  controlled  and  uniform  nanoporous 
structure  was  obtained.  The  NPCF  was  found  to  be  a  good  catalyst  in 
the  electro-oxidation  of  hydrazine  (N2H4)  and  showed  superior 
stability.  It  is  believed  that  this  NPCF/Cu  electrode  has  a  potential 
application  in  fuel  cell  device  with  hydrazine  as  energy  source. 

2.  Experimental  section 

2.1.  Preparation  of  NPCF  electrodes 

Copper  plates  (Sinopharm  Chemical,  99.99%)  were  cleaned  in 
acetone  and  then  dipped  into  solution  of  50  g  L-1  (NH4)2S20g  and 


5  g  L  1  H2SO4  for  30  s  to  remove  oxide  film.  Then  Zn  was  electro- 
deposited  onto  copper  (0.5  cm2  exposed  area)  at  20  mA  cm-2  for 
5  min  from  a  commercial  Zn  plating  solution  (Fengfan  Plating 
Corp.)  [9].  Then,  Cu-Zn  sample  was  rinsed,  dried  and  heated  at 
150  °C  for  1  h  under  protection  of  N2  gas.  Finally,  electrochemical 
dealloying  of  Cu-Zn  sample  was  conducted  through  linear  sweep 
voltammetry  (LSV)  by  using  a  CHI660D  electrochemical  worksta¬ 
tion.  The  applied  potential  was  scanning  from  -1.0  V  to  -0.2  V  at 
speed  of  0.5  mV  s-1.  Platinum  plate,  saturated  calomel  electrode 
(SCE)  and  Cu-Zn  sample  were  used  as  reference  electrode,  counter 
electrode  and  working  electrode,  respectively. 

2.2.  Characterization  and  measurements 

The  microstructure  and  composition  of  the  samples  was  char¬ 
acterized  by  field  emission  scanning  electron  microscopy  (FESEM; 
JEOL-6700F)  and  energy  dispersive  X-ray  Spectrometer  (EDS; 
Oxford  INCA.).  X-ray  diffraction  (XRD)  patterns  of  dealloyed  Cu-Zn 
sample  were  recorded  on  a  Rigaku  diffractometer  using  Cu  Ka 
radiation  (A  =  1.5418  A).  The  electrochemical  oxidation  of  N2H4  was 
carried  out  in  solution  with  3  M  NaOH  and  1  M  N2H4.  The  NPCF 
electrode,  graphite  plate  and  SCE  were  used  as  working  electrode, 
counter  electrode,  and  reference  electrode,  respectively.  Smooth  Cu 
working  electrode  was  polished  by  aluminum  oxide  powder 
( ~  20  nm)  before  measurement.  As  for  the  test  of  Cu  nanoparticles, 
8  mg  powder  of  Cu  nanoparticles  (~  50  nm,  Beijing  Dk  Nano 
technology  Corp.)  was  dispersed  in  1  ml  AS-4  ionomer  (Tokuyama 
Corp.,  Japan)  suspension  (5  wt.%  in  n-propanol)  under  ultrasonic 
condition  and  5  pi  of  mixture  was  dropped  onto  glass-carbon 
electrode  as  working  electrode. 

3.  Results  and  discussion 

Fig.  1  shows  the  cross-sectional  SEM  images  and  components 
analysis  of  Cu-Zn  samples.  The  thickness  of  deposited  pure  Zn 
layer  was  about  2.6  pm.  After  thermal  treatment,  some  Zn 
remained  as  elementary  substance  on  the  top  while  a  certain 
amount  of  Zn  diffused  into  the  Cu  substrate.  The  atomic  ratio  of  Cu 
increased  gradually  until  the  depth  of  film  reached  the  pure  Cu 
substrate.  These  results  demonstrated  that  thermal  treatment  was 
an  efficient  way  to  form  surface  Cu-Zn  alloy  on  Cu  substrate. 

Electrochemical  dealloying  of  Cu-Zn  sample  was  conducted  in 
dilute  HC1  solution  through  linear  sweep  voltammetry  (LSV)  and 
results  were  listed  in  Fig.  2a.  As  for  the  Cu-Zn  sample  without 
thermal  treatment,  there  was  one  anodic  peak  at  potential  ranging 
from  -1.0  V  to  -0.77  V,  which  corresponded  to  the  stripping  of  pure 
Zn.  Since  Cu  substrate  started  to  be  oxidized  at  potential  higher 
than  -0.2  V,  the  ending  potential  of  LSV  was  set  as  -0.2  V.  After 


Fig.  1.  Cross-sectional  SEM  images  of  Cu-Zn  samples  before  (a)  and  after  (b)  thermal  treatment. 
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thermal  treatment,  the  first  anodic  peak  resulted  from  stripping  of 
pure  Zn  weakened  and  another  two  anodic  peaks  appeared  at 
potential  of  -0.34  V  and  -0.23  V.  These  two  peaks  should  be 
ascribed  to  the  oxidation  of  Cu-Zn  alloy  layer  since  the  electro¬ 
chemical  dealloying  of  Zn  from  Cu-Zn  alloy  was  more  difficult  than 
pure  Zn.  SEM  characterization  results  showed  that  porous  structure 
was  formed  on  the  Cu  substrate  after  LSV  dealloying  (Fig.  2b).  There 
were  voids  in  size  of  several  hundred  nanometers  distributed  on  the 
rough  surface.  The  magnified  image  revealed  the  existence  of  fine 
nanoporous  structure  with  the  ligament  size  of  ~40  nm  (Fig.  2c). 

The  morphologies  of  samples  were  closely  related  with  the 
parameters  of  electrochemical  dealloying.  When  the  electro¬ 
chemical  dealloying  was  conducted  at  constant  potential  of  -0.2  V, 
the  dissolution  behavior  of  Zn  was  quite  different  from  that  in  LSV 
process.  As  shown  in  Fig.  2d,  the  oxidation  current  was  as  high  as 
133  mA  cm-2  initially  and  then  decreased  sharply  to  1  mA  cm-2  in 
100  s.  By  contrast,  the  oxidation  current  increased  slowly  from  zero 
at  -1.0  V  to  12  mA  cm-2  at  -0.87  V  in  260  s  (Fig.  2a).  This  result 
indicated  that  the  dissolution  of  Zn  under  constant  potential 
anodization  was  much  faster  than  that  in  LSV  process.  After  800  s, 
the  oxidation  current  decreased  gradually  to  nearly  zero  and  no 
more  Zn  was  dissolved.  The  structure  of  as-synthesized  film  was 
more  likely  a  kind  of  aggregation  of  irregular  nanoparticles  (Fig.  2e 
and  f),  which  may  cause  negative  effect  on  the  surface  area  of  the 
NPCF.  During  dealloying  process,  the  residual  Cu  atoms  would 
aggregate  to  form  ligaments  due  to  the  tendency  of  surface-energy 
reduction.  In  the  same  time,  pores  and  crevice  were  formed  to 
balance  the  missing  volume  accompanying  with  the  dissolution  of 
Zn.  Furthermore,  rearrangement  and  self-organization  of  Cu  atoms 
driven  by  surface  diffusion  would  lead  to  formation  of  nanoporous 
structure.  To  fabricate  fine  nanoporous  structure,  it  is  important  to 
control  dissolution  speed  of  Zn.  If  dissolution  of  Zn  was  finished  in 


much  shorter  time  such  as  that  under  constant  potential  anodiza¬ 
tion  (Fig.  2d),  there  were  few  pores  in  the  film  and  aggregation  of 
residual  Cu  was  in  form  of  nanoparticles  instead  of  ligaments 
(Fig.  2e  and  f).  The  reason  could  be  that  residual  Cu  would  tend  to 
aggregate  together  with  lower  surface  area  to  compensate  the  fast 
vanishing  volume  caused  by  dissolution  of  Zn.  Therefore,  moderate 
dissolution  of  Zn  by  LSV  dealloying  would  be  helpful  for  residual  Cu 
to  reassemble  into  fine  porous  structure. 

The  composition  of  the  nanoporous  film  was  characterized  by 
EDS  analysis  and  small  amount  of  Zn  (~8.5  at.%)  still  remained 
(Figure  SI  a).  It  was  quite  possible  that  the  residual  Zn  existed  in  the 
status  of  alloy  with  Cu,  which  is  more  stable  than  pure  Zn.  X-ray 
diffraction  (XRD)  patterns  of  dealloyed  Cu-Zn  sample  were  recor¬ 
ded  on  a  Rigaku  diffractometer  using  Cu  Ka  radiation  (A  =  1.5418  A). 
Figure  Sib  shows  that  the  strong  peaks  located  at  43.4°,  50.6°  and 
74.3°  are  assigned  to  (111),  (200)  and  (220)  planes  of  Cu  (JCPDS  file 
No.  89-2838),  respectively.  Other  weak  peaks  at  34.9°,  37.9°,  48.0° 
and  62.7°  match  well  with  the  pattern  of  Cu5Zn8  (JCPDS  file  No. 
71-397),  proving  that  the  residual  Zn  in  the  NPCF  exists  as  Cu-Zn 
alloy.  Comparing  with  electrochemical  dealloying  process,  the 
dissolution  of  Zn  usually  took  much  longer  time  in  chemical  deal¬ 
loying.  According  to  our  previous  work  in  alkaline  etching  system, 
there  were  always  cracks  in  the  porous  film  (see  Figure  S2  in  sup¬ 
porting  file).  Due  to  the  existence  of  cracks,  the  nanoporous  film 
was  not  stable  and  easy  to  peel  off  when  slightly  bending  the  Cu 
plate.  Considering  good  integrity  of  NPCF/Cu  was  first  important  for 
its  application  as  electrode,  the  NPCF/Cu  prepared  by  chemical 
dealloying  was  not  suitable  to  be  used  in  DHFC.  In  contrast,  the 
NPCF  prepared  by  LSV  dealloying  was  combined  with  Cu  plate 
firmly  and  no  peeling  of  film  was  observed  after  bending. 

To  investigate  potential  application  of  NPCF  in  the  hydrazine 
fuel  cell,  the  following  experiments  were  carried  out  to  investigate 


Fig.  2.  (a)  LSV  curves  of  Cu-Zn  samples  at  scan  rate  of  0.5  mV  s  1;  (b,  c)  SEM  images  of  sample  after  LSV  dealloying;  (d)  Current-time  curve  recorded  for  dealloying  at  constant 
potential  of  -0.2  V  (vs.  SCE);  (e,  f)  SEM  images  of  sample  after  constant-potential  dealloying. 
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its  catalytic  performance.  Fig.  3a  shows  the  electrochemical 
behavior  of  smooth  Cu  plate  in  the  NaOH  solution  with  and  without 
hydrazine.  From  the  LSV  curve  in  the  solution  without  hydrazine,  it 
can  be  seen  that  the  copper  starts  to  be  oxidized  obviously 
at  -0.55  V.  In  the  solution  with  0.5  M  or  1  M  hydrazine,  there  was 
always  an  anodic  peak  at  potential  of  around  -0.58  V  in  the  LSV 
curve.  This  obvious  anodic  peak  should  be  attributed  to  the 
oxidation  of  hydrazine  since  the  current  value  at  this  peak  was 
almost  proportional  to  the  concentration  of  hydrazine.  Considering 
that  copper  could  be  oxidized  at  potential  more  positive 
than  -0.55  V,  the  maximum  potential  in  the  following  LSV  was  set 
at  -0.6  V  to  prevent  the  negative  effect  of  potential  corrosion  on  the 
catalytic  performance  of  NPCF.  Fig.  3b  gives  a  comparison  of  cata¬ 
lytic  performance  on  electrodes  of  NPCF,  smooth  Cu  and  gold 
electrodes  in  the  solution  with  same  concentration  of  hydrazine.  At 
the  same  potential  of  -0.6  V,  no  obvious  current  was  observed  on 
gold  electrode  while  there  was  considerable  current  (16  mA  cm-2) 
on  smooth  Cu  electrode.  This  result  indicated  that  smooth  Cu 
exhibited  superior  catalytic  performance  than  gold  toward  the 
oxidation  of  hydrazine.  After  nanoporous  film  was  formed  on  the 
Cu  electrode,  the  anodic  current  density  was  improved  greatly  and 
almost  50  times  higher  than  that  on  smooth  Cu  at  -0.7  V.  The  onset 
oxidation  potential  (Eon)  of  hydrazine  was  usually  regarded  as 
evaluation  criteria  to  compare  the  performances  of  catalysts  [10]. 
Here,  the  E0n  on  NPCF  (-0.87  V)  was  lower  than  that  on  smooth  Cu 
plate  (-0.77  V).  The  obvious  100  mV  negative  potential  shift  indi¬ 
cated  that  NPCF  possessed  better  oxidation  ability  to  the  hydrazine 
and  may  work  at  more  negative  potential.  To  investigate  the  real 
reason  for  the  enhancement  of  catalytic  performance,  Cu  nano¬ 
particles  with  similar  size  as  that  of  ligament  size  in  NPCF  were 
tested  in  the  same  electrolyte.  Results  showed  that  E0n  of  hydrazine 
oxidation  on  Cu  nanoparticles  was  around  -0.89  V,  suggesting  that 
the  lower  E0n  on  NPCF  could  be  ascribed  to  the  nano-sized  structure 
of  NPCF. 

As  mentioned  in  above  results,  the  morphologies  of  NPCF  were 
affected  greatly  by  dealloying  processes,  which  may  lead  to  the 
difference  in  the  electrochemical  activity.  Fig.  4a  shows  the  oxida¬ 
tion  currents  of  hydrazine  at  -0.6  V  on  the  electrodes  of  smooth  Cu 
and  NPCF/Cu  samples  prepared  under  different  conditions.  As  for 
the  smooth  Cu,  the  current  density  is  only  16  mA  cm-2.  When 
constant  potential  (-0.2  V)  was  applied  during  dealloying,  the 
produced  NPCF/Cu  exhibited  higher  current  density  244  mA  cm-2. 
If  NPCF/Cu  was  prepared  through  LSV  process,  the  current  density 
was  improved  further  to  510  mA  cm-2.  We  also  checked  the 


performance  of  sample  prepared  through  chemical  dealloying 
referring  to  our  previous  work,  the  current  density  was 
150  mA  cirr2  lower  than  that  of  NPCF  by  LSV  dealloying.  The  active 
surface  area  of  Cu  samples  could  be  evaluated  by  the  integration  of 
charge  consumed  in  the  reduction  of  copper  oxide,  which  was 
formed  during  the  anodic  scan  in  alkaline  solution  (Figure  S3). 
Since  the  charge  consumed  in  the  reduction  of  copper  oxide  was 
proportional  to  the  active  surface  area  of  copper  electrode,  it  could 
be  calculated  that  the  surface  area  of  NPCF/Cu  by  LSV  dealloying 
was  22  times  that  of  smooth  Cu.  By  this  way,  the  specific  current 
density  was  obtained  by  normalization  to  the  surface  area  of  NPCF/ 
Cu  samples  (considering  the  surface  area  of  smooth  Cu  is  approx¬ 
imately  equal  to  the  geometric  area).  In  Fig.  4a,  NPCF/Cu  prepared 
by  LSV  dealloying  possessed  the  highest  specific  current  density, 
which  was  38%  higher  than  that  of  smooth  Cu. 

Besides  specific  activity,  the  stability  is  also  another  important 
property  of  electrode  material.  It  had  been  reported  that  metal 
nanoparticles  were  not  stable  and  the  size  distribution  of  nano¬ 
particles  tended  to  increase  due  to  Oswald  ripening  [11,12].  Oswald 
ripening  was  a  thermodynamically-driven  phenomenon  that 
smaller  nanoparticles  dissolved  and  re-deposited  on  larger  parti¬ 
cles,  which  led  to  the  decrease  of  electrochemical  activation  area. 
To  evaluate  the  stability  of  the  NPCF  electrode,  continuous  cyclic 
potential  scan  was  applied  onto  the  NPCF  electrode  and  the  current 
density  at  -0.6  V  in  each  cycle  was  recorded.  Fig.  4b  shows  the 
change  of  current  density  versus  cycles  of  CV  in  hydrazine  solution 
by  use  of  NPCF.  The  current  density  gradually  decreased  to  90%  of 
the  original  value  in  30  cycles  and  remained  stable  in  the  following 
70  cycles.  But  with  copper  nanoparticles  as  electrode  material,  the 
degradation  of  current  density  was  faster  and  74%  of  original  value 
remained  after  100  cycles.  The  results  indicated  the  stability  of 
NPCF  was  higher  than  independent  Cu  nanoparticles.  The  EDS 
analysis  showed  that  atomic  ratio  of  Zn  in  NPCF  decreased  to 
3.1  at.%  after  the  cycled  test,  which  indicates  that  some  part  of  Zn 
component  was  etched  further  in  the  hydrazine  oxidation. 
However,  the  porous  structure  of  NPCF  changed  little  after  100 
cycles  (inset  in  Fig.  4b).  The  reason  is  probably  that  the  special 
three-dimensional  nanoporous  structure  could  contribute  partly  to 
the  maintenance  of  nanoporous  structure.  In  our  previous  work,  it 
was  found  that  the  three-dimensional  nanostructured  networks  of 
platinum  exhibited  superior  stability  on  the  individual  Pt  nano¬ 
particles  on  carbon  support  [13].  As  a  thermodynamic  favorable 
structure,  nanostructured  networks  may  protect  the  structure  from 
destroying  by  Ostwald  ripening  during  the  electrochemical  process 


Fig.  3.  (a)  LSV  curves  of  smooth  Cu  electrode  in  3  M  NaOH  with  0  M,  0.5  M,  and  1  M  hydrazine;  (b)  LSV  curves  of  electro-oxidation  of  hydrazine  by  use  of  NPCF/Cu  (same  as  Fig.  2b), 
smooth  Cu  and  gold  electrodes.  Inset  picture  is  the  corresponding  magnified  curves.  The  potential  scan  rate  was  50  mV  s_1. 
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Fig.  4.  (a)  The  oxidation  current  and  specific  current  density  (normalized  to  the  surface  area)  of  hydrazine  at  -0.6  V  by  the  use  of  smooth  Cu  and  different  NPCF/Cu  samples.  Label  * 
corresponds  to  the  sample  of  Fig.  3c  in  Ref.  [9];  (b)  change  of  current  at  -0.6  V  versus  cycles  of  CV  (-1.0  ->  -0.6  ->  -1.0  V)  in  hydrazine  solution  on  the  electrodes  of  NPCF  (LSV 
dealloyed)  and  Cu  nanoparticles.  Inset  picture  is  the  SEM  image  of  NPCF  after  100  cycles. 


[11  ].  There  could  be  a  similar  mechanism  here  for  the  enhancement 
of  stability  of  NPCF  and  detailed  reason  will  be  discussed  in  further 
report. 

4.  Conclusion 

In  summary,  nanoporous  copper  film  was  successfully  fabri¬ 
cated  on  copper  substrate  through  electrochemical  dealloying  of 
annealed  Cu-Zn  sample  in  dilute  HC1  solution.  Due  to  the  uniform 
potential  applied  onto  the  surface  of  sample,  the  dissolution  speed 
of  Zn  was  well  controlled  to  produce  fine  nanoporous  structure. 
Primary  results  showed  that  the  resulted  NPCF/Cu  electrodes 
possessed  superior  catalytic  performance  to  the  electro-oxidation 
of  hydrazine  than  smooth  copper  plate.  Among  all  the  samples 
prepared  by  electrochemical  or  chemical  dealloying  methods,  the 
highest  oxidation  current  density  of  hydrazine  was  obtained  on 
the  NPCF/Cu  sample  fabricated  by  LSV  in  25  mM  HC1.  Furthermore, 
the  NPCF/Cu  exhibited  better  stability  than  copper  nanoparticles 
and  its  morphology  changed  little  after  100  cycles  of  electro¬ 
oxidation  of  hydrazine.  This  special  nanoporous  copper  material 
could  be  a  promising  candidate  for  anode  in  hydrazine  fuel  cell. 
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